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-Transspinal direct current (tsDC) stimulation is a modulator of spinal excitability and can influence cortically elicited muscle contraction in a polarity-dependent fashion. When combined with low-frequency repetitive cortical stimulation, cathodal tsDC [tsDC(Ϫ)] produces a long-term facilitation of cortically elicited muscle actions. We investigated the ability of this combined stimulation paradigm to facilitate cortically elicited muscle actions in spinal cord-injured and noninjured animals. The effect of tsDC-applied alone or in combination with repetitive spinal stimulation (rSS) on the release of the glutamate analog, D-2,3-3 H-aspartate (D-Asp), from spinal cord preparations in vitro-was also tested. In noninjured animals, tsDC (Ϫ2 mA) reproducibly potentiated cortically elicited contractions of contralateral and ipsilateral muscles tested at various levels of baseline muscle contraction forces. Cortically elicited muscle responses in animals with contusive and hemisectioned spinal cord injuries (SCIs) were similarly potentiated. The combined paradigm of stimulation caused long-lasting potentiation of cortically elicited bilateral muscle contraction in injured and noninjured animals. Additional analysis suggests that at higher baseline forces, tsDC(Ϫ) application does not increase the rising slope of the muscle contraction but causes repeated firing of the same motor units. Both cathodal and anodal stimulations induced a significant increase of D-Asp release in vitro. The effect of the combined paradigm of stimulation (tsDC and rSS) on the concentration of extracellular D-Asp was polarity dependent. These results indicate that tsDC can powerfully modulate the responsiveness of spinal cord neurons. The results obtained from the in vitro preparation suggest that the changes in neuronal excitability were correlated with an increased concentration of extracellular glutamate. The combined paradigm of stimulation, used in our experiments, could be noninvasively applied to restore motor control in humans with SCI. spinal cord; motor cortex; direct current; plasticity; glutamate THE GLOBAL PREVALENCE OF THE spinal cord injury (SCI) is reported to range from 236 to 1,009/million individuals (21) . Given the progress in the survival rates of patients with SCI (41, 42) , there is a growing need for new treatment strategies to improve the functional recovery and quality of life of these patients. In the majority of SCIs, the spinal cord is not severed completely, and some fiber tracts remain intact (29) . Therefore, one goal of effective-treatment approaches is to exploit the remodeling abilities of these remaining pathways and intrinsic spinal circuits (7, 56) , which are intact but often remain at a subthreshold level for evoking motoneuronal responses in patients suffering from SCI.
One such promising therapy consists of the application of a weak direct current (DC) across the spinal cord. Trans-spinal DC (tsDC) modulates spinal cord excitability (26, 27, 36) in a polarity-dependent manner. Recently, we reported that in noninjured animals, the subcutaneous application of tsDC over the spinal column modulates the activity of spinal neurons, as well as corticospinal system output (3) . In these studies, cortically elicited contractions of triceps surae (TS) muscle were reduced during anodal tsDC [tsDC(ϩ)] application and potentiated afterward. The opposite effect was observed during cathodal tsDC [tsDC(Ϫ)], in which the contractions of TS were enhanced during tsDC application and attenuated after the termination of stimulation. In addition, as reported previously (3), tsDC(Ϫ) markedly and persistently potentiates corticospinal output when combined with low-frequency repetitive cortical stimulation (rCS; 3 min at 1 Hz). Recent human studies have shown that noninvasive tsDC treatment alters the activity of spinal cord circuitry, inducing the depression of nociceptive lower-limb flexion reflex (18) , altering the conduction of the human lemniscal pathway (17) , persistently modulating the efficacy of the Ia fiber-motoneuron synapse (73) , and altering supraspinal activity of the somatosensory system (1) . However, the exact mechanism underlying the actions of tsDC is still unclear.
The effects of tsDC stimulation are likely to occur via the activation of neuronal processes terminating in the spinal cord, which are also responsible for expression of long-term potentiation (LTP) in postsynaptic spinal cord motoneurons (6, 37, 43) . LTP, which is critical to memory and learning (47) , results from the strengthening of associations between glutamergic neurons of the central nervous system, following the application of specific patterns of electrical stimulation. Glutamate is the major excitatory neurotransmitter in the spinal cord (55) and activates both ionic [␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor and N-methyl-D-aspartate (NMDA)] and G-protein-coupled receptors. The activation of these receptors promotes LTP in the spinal cord (44, 68, 69) and the brain (19) , enhances learning and memory (47) , and facilitates recovery after stroke (16) . Interestingly, antagonists of NMDA receptors prevent the induction of the long-lasting after-effects of transcranial DC application in both animal models (46) and humans (52) . Given the importance of the glutamergic system in the induction of these molecular processes, investigating changes in glutamate neurotransmission following tsDC application is critically important to elucidate the mechanisms underlying the beneficial effects of tsDC.
In the current study, we addressed two issues: 1) the ability of tsDC(Ϫ) combined with rCS to potentiate corticospinal pathways in animals with SCI and 2) the ability of tsDC [tsDC(ϩ) or tsDC(Ϫ)], applied alone or in combination with repetitive spinal stimulation (rSS), to modulate the release of glutamate analog from spinal cord preparations in vitro. The electrophysiological results obtained from normal and injured animals indicate that tsDC(Ϫ), combined with rCS, potentiates corticospinal pathways and markedly improves cortically induced muscle contractions. The results from the in vitro preparation suggest that these changes in neuronal excitability were likely to be accompanied by modulation of the glutamergic system. These data provide strong evidence in support of the concept that tsDC-induced effects in the spinal cord are mediated by changes in the properties of glutamergic neurotransmission.
METHODS

Animals
Experiments were carried out in accordance with National Institutes of Health guidelines for the care and use of laboratory animals. Protocols were approved by the College of Staten Island Institutional Animal Care and Use Committee. Adult CD-1 mice of both sexes (n ϭ 87) were used for this study. Animals were housed under a 12-h light-dark cycle with free access to food and water.
Contusion SCI
Mice were deeply anesthetized with ketamine/xylazine [90/10 mg/kg intraperitoneally (ip)], and a spinal contusion was produced at spinal segment T13 using the Multicenter Animal Spinal Cord Injury Study/New York University Impactor (34) . A 1-mm-diameter impact head rod (5.6 g) was released from a distance of 6.25 mm onto the T13 spinal cord level, exposed by a T10 laminectomy. Following the injury, the overlying muscle and skin were sutured closed, and the animals were allowed to recover on a heating pad at 37°C. To prevent infection, a layer of ointment containing gentamicin sulfate was applied to the sutured wound. Following recovery from anesthesia, mice were kept in separate cages with surgical padding for 3 days in a recovery room at 23°C. Animals were given Children's Tylenol through a feeding tube to reduce pain and hydrogel to facilitate feeding and to keep them hydrated. Bladders were checked daily and emptied manually when required. The in vivo electrophysiological experiments were initiated 3-4 wk after the injury.
Transection SCI
Animals were anesthetized as described above, and a laminectomy was performed to expose the junction of the T13 and L1 spinal cord segments. A one-side transverse cut was made with an angled microsurgical probe (Fine Instruments, CA). The wound was then sutured closed, and the animals were allowed to recover over a heating pad at 37°C. The terminal electrophysiological studies were performed 3 wk later.
Lesion Verification
Vertebral columns containing the injured sites were removed and kept overnight in paraformaldehyde (4%). Spinal cords were then carefully dissected out, and a 1-cm-long segment containing the injury site was glued to the base of the Cryomold. The 30-m-thick longitudinal sections (for unilateral lesions) and transverse (for contusion lesion) were cut with a Cryostat, placed sequentially on the glass slides, and stained using Crystal Violet. The extent of the damage was evaluated using a light microscope, and examples of lesions are depicted in Figs. 1 and 2 .
Behavioral Testing of Contused Animals
Functional hindlimb recovery was assessed using a motor-rating scale, according to the Basso Mouse Scale (BMS) (28) . This assessment consists of a nine-point rating scale to assess joint movements, followed by weight support, stepping, fore-hindlimb coordination, normalized foot placement, and tail positioning. Each animal was observed by two investigators for 4 min in an open field apparatus (75 ϫ 50 cm), and a consensus score was assigned according to the following scale: 0, no ankle movement; 1-2, slight or extensive ankle movement; 3, plantar placing or dorsal stepping; 4, occasional plantar stepping; 5, frequent or consistent plantar stepping; 6, coordination; 7, trunk stability, in which the animal was able to keep the trunk region aligned and completely off the ground; 8, trunk stability, in which the animal is able to keep the trunk region aligned and completely off the ground; and 9, tail is up all the time.
In Vivo Electrophysiological Studies
Surgical procedure. Animals were anesthetized using ketamine/ xylazine (90/10 mg/kg ip), which has been reported to preserve corticospinal-evoked potentials (11, 75) . Anesthesia was maintained using supplemental doses (ϳ5% of the original dose) as needed. The skin covering each of the two hindlimbs was removed. In addition, the areas of the skin covering the thoracic and lumbar spinal regions and the dorsal part of the skull were removed as well. TS muscles were separated carefully from the surrounding tissue on both sides, taking care to preserve the blood supply and nerves. The tendon of each TS muscle was threaded with a hook-shaped 0-3 surgical silk, which was then connected to force transducers. The tissue surrounding the distal part of the sciatic nerve was removed. All areas with the skin removed were soaked with mineral oil to preserve physiological integrity of the tissue. The temperature of the whole preparation was maintained at 37°C during the entire procedure.
The spinal column was immobilized using a custom-made clamping system, and the animal's cranium was fixed in a mouse stereotaxic frame. A craniotomy was performed to either unilaterally or bilaterally expose the primary motor cortex (M1) corresponding to the hindlimb muscles. M1 is located between 0.5 and Ϫ1.5 mm from the bregma and 0.5 and 1.5 mm from the midline (31, 63) . The dura was left intact. The exposed motor cortical area was explored with a stimulating bipolar electrode (tip: outer diameter, 250 m) to locate the motor point, which when stimulated with the weakest stimulus, would produce the strongest contraction of the contralateral TS muscle (2) . Figure 3 shows the general setup for the electrophysiological studies. tsDC was induced via a gold-plated surface electrode (cathode, 0.79 cm 2 ; Grass Technologies, West Warwick, RI) situated over the vertebral column in the area of T10 -L1. These vertebrae correspond to the abdominal wall, axial, and hindlimb muscle spinal segments, which also contain circuits responsible for locomotor behavior (53, 54) . In all in vivo electrophysiological experiments, the electrode located over the spinal cord was always a cathode marked as tsDC(Ϫ). A gold-plated reference electrode with the same surface area (0.79 cm 2 ) was situated over a flap of the abdominal skin. A layer of salt-free electroconductive gel (Parker Laboratories, Fairfield, NJ) was applied between the electrodes and the tissue. CS was induced by a concentric bipolar electrode (shaft diameter, 500 m; tip, 125 m; FHC, Bowdoin, ME), which was placed over the motor cortex presentational field of the TS muscle. Extracellular recordings were made from the TS branch of the sciatic nerve with pure iridium microelectrodes (shaft diameter, 180 m; tip, 1-2 m; resistance, 5.0 M⍀; World Precision Instruments, Sarasota, FL). Tibial nerve potentials were recorded from the same location in all animals (ϳ3 mm from the TS muscle). Penetration-elicited motor nerve spikes, which were correlated with muscle twitches, confirmed the proper location (3, 4) .
Electrodes
Muscle Force Recording
The hindlimb and the proximal end of the tailbones were rigidly fixed to the base of the apparatus using dissecting pins to ensure that muscle position is constant. The vertebral column was fixed using a custom-made clamping system. The knee was also fixed to the base to prevent any movements from being transmitted from the stimulated muscles to the body. The tendon of the TS muscle was attached to force displacement transducers (FT10, Grass Technologies), and the muscle length was adjusted to obtain the strongest twitch force (optimal length). The traces of muscle contraction were used to calculate the slope of contraction, time-to-peak force, and the area under the curve of force traces. Slope was measured by calculating the slope of a regression line fitted to the rising phase of the curve representing the muscle contraction. The time-to-peak force was measured as the time from the onset of the contraction to its peak. The force produced over time during muscle contraction was measured by calculating the area under the curve representing the muscle force traces. LabChart (ADInstruments, Colorado Springs, CO) and MATLAB (MathWorks, Natick, MA) software were used to do these calculations.
Data Acquisition
The extracellularly recorded potentials were passed through a standard headstage, amplified (Neuro Amp EX, ADInstruments), filtered (bandpass, 100 Hz-5 KHz), digitized at 4 KHz, and stored in the computer for further processing. A PowerLab data acquisition system and LabChart 7 software (ADInstruments) were used to acquire and analyze the data.
Polarization and Stimulation Protocols
A pretest of CS consisting of 14 pulses, delivered at 350 Hz (intensity, 1-1.8 mA; pulse duration, 150 s), was used to elicit TS muscle twitches. DC was delivered by a battery-driven constant current stimulator (North Coast Medical, Morgan Hill, CA). The intensity of tsDC was Ϫ2 mA to obtain the maximal current density (current/area) of 25.47 A/m 2 [0.002/(3.14 ϫ 0.005 2 )]. To avoid a stimulation break effect, the current intensity was always ramped for 10 s from zero to maximal value. The exposure with a maximal, steady DC lasted 5 s and was followed by a 10-s exposure to the DC, ramped down from its maximal value to 0. During and after tsDC, a post-test (identical to the pretest) was conducted.
In the combined stimulation, [tsDC(Ϫ)] was delivered together with rCS; a pulse train similar to pretest was delivered 20 times at 1 Hz (total number of pulses ϭ 280) during the application of tsDC(Ϫ) of 2 mA. The test stimulus was then delivered for 10 s and again every 3 min for 90 min after termination of tsDC. This procedure was replicated in all animal groups.
A group of control animals (n ϭ 6) was used to test and quantify the effect of tsDC on the strength of the cortically elicited muscle contractions induced by stimuli of different intensities. The intensity of CS was adjusted to evoke the contractions of the contralateral muscle with the force of 0.05, 0.7, 1.5, 2.0, 3.5, 6.5, and 10 g. tsDC was turned on for 5 s, as described above, and cortical test stimulation, identical to the stimulation used to test the baseline, was performed. To avoid the contribution of the delayed effects of stimulation, the testing of the muscle response to the subsequent strength of stimulation was evaluated 30 s later. At the end of the experiment, maximal muscle force was recorded following direct stimulation of the sciatic nerve, using a train of 17 pulses (pulse duration, 100 s) at 100 Hz.
Neurochemical Studies
Release of D-2,3-3 H-aspartate from spinal cord segments. Whereas animals were under deep anesthesia during the surgery, the spinal column was opened between the low thoracic and caudal segments. Spinal cords were isolated quickly from animals and immersed immediately into ice-cold Ringer solution (CO 2/O2 saturated). During preparation, spinal cords were kept all the time in this oxygenated Ringer solution. Therefore, viability of this preparation was not compromised, as confirmed by electrophysiological recordings and from their ability to release glutamate in response to weak DC application and to the combined treatment (see below). Dissected segments of the spinal cord (20 mm long) were attached to a grooved, wooden stick (25 mm) with surgical thread (Fig. 4A ). The stick, with the attached, intact segment of the spinal cord, was placed in a custom-built chamber (Fig. 4A ) in a vertical position (thoracic part always up) within the space (9 mm) between two electrodes (20 ϫ 5 mm), mounted on both sides of the chamber. These electrodes were connected to a DC power supply. As in vivo experiments, the dorsal part of the spinal cord was always facing one of the electrodes, and the ventral part was further away, separated from the reference electrode by the wooden stick. A rubberband fitted on the wooden stick kept it immobilized in position inside of the chamber during perfusion. Pulsed stimulation was delivered by two circular electrodes (5 mm in diameter) made of wire mesh. These electrodes were located at opposite ends of the chamber at a distance of 85 mm and were connected to a Brandel stimulator (Brandel, Gaithersburg, MD). This experimental design made the conditions of in vitro and in vivo stimulations as analogous as possible. The chamber (4 ml) containing the spinal cord was connected to a Brandel Suprafusion system ( Chemicals, St. Louis, MO). Ringer solution was saturated with a CO 2/O2 mixture prior to the placement of the spinal cord, and the tissue-containing chamber was connected via plastic tubes (3 mm in diameter) with the reservoir also containing constantly oxygenated Ringer solution. A 3-h preincubation period, without perfusion, was used to equilibrate the system and to allow for the accumulation of the radioactive D-Asp by the tissue. Since it was impossible to record electrical activity of the spinal cord placed in the Brandel system, separate electrophysiological experiments were performed to test the viability of the tissue. The segment of the spinal cord, which has been incubated previously in the Brandel system for 4 h, was placed in the recording chamber. The stimulating and recording electrodes were placed on the ventral roots and in the area containing cell bodies of ␣-motor neurons, respectively. Similar preparation from adult mice has been reported in the literature (50) . These experiments confirmed viability of the spinal cord tissue used for release experiments.
Following the preincubation period, perfusion with oxygenated Ringer, from the bottom of the chamber to the top (Fig. 4A ), was initiated and continued without sample collection for the first 30 min. Then, with continuing perfusion, the collection of the samples was initiated (2 min/sample) using a fraction collector. The time required for the molecules released from the tissue in the chamber to reach the collection vial was ϳ3 min. The electrical stimulation by steady DC (3 mA) was delivered by the electrode facing the dorsal part of the spinal cord. DC electrode was connected to either the positive tsDC(ϩ) or negative tsDC(Ϫ) pole of the current source, depending on the type of experiment. The stimulation typically began during collection of sample number 10 and lasted for 3 min. The period of steady DC stimulation was preceded and followed by 10 s of ramping the current up and down, respectively. The rSS with alternate current (rSSϩ/Ϫ, 20 s, 15 mA, 10 Hz) was initiated either 1 min into the DC stimulation (delivered entirely during DC application, as depicted in Fig. 4A ) or immediately after the termination of the DC stimulation.
The strength of the stimulation was selected following calibration experiments, showing that the D-Asp release induced by 15 mA was not saturated and was readily detectable, giving the most robust and consistent release values (Fig. 4B ). Although the current used to stimulate the in vitro spinal segments was apparently large, this current was not directly applied to the spinal segment. Instead, the electrodes were placed ϳ2 cm from the spinal segments, and the current is dissipated by 4 ml Ringer solution in the incubation chamber. No sign of electrically induced damage was found on the spinal cord during visual inspection following stimulation. Therefore, the current used in these in vitro experiments is not considered extreme and detrimental to the tissue. Twenty samples were collected in each experiment. The perfusatecontaining vials were filled with scintillation fluid (Ready-Safe, Research Products International, Mt. Prospect, IL, USA), and radioactivity was counted in the scintillation counter. The amount of released D-Asp is expressed as disintegrations/min (dpm), assuming a 70% efficiency of the scintillation counter, and the results are expressed as radioactivity/sample vs. sample number (Fig. 4B) . The magnitude of the release was determined by expressing the area of the peak as a percent of the total area under the release curve and is described as percent baseline (Fig. 4B) .
As some experiments were conducted on the segments of the spinal cord that were perfused with calcium-free Ringer, it was necessary to determine how much, if any, calcium was left in the tissue following this perfusion. The spinal cord was preincubated for 3 h with Ca ϩ2 -free Ringer solution containing radioactive calcium (0.3 Ci/chamber). Then, an initial amount of radioactive calcium was compared with the amount of calcium left in the tissue following a 6-h perfusion (2 ml/min).
Release of D-Asp from Spinal Cord Synaptosomes
The release and uptake studies were performed using synaptosomes derived from the spinal cord. Synaptosomes were obtained according to the modified procedure described by Sawynok and Liu (58) . The spinal cord tissue was homogenized in 0.23 M sucrose in water (1:10, tissue: sucrose ratio) and centrifuged for 10 min at 5,000 g. The pellet was discarded, and the supernatant was centrifuged for 20 min at 19,000 g. The supernatant was then discarded, and the pellet (crude synaptosomal fraction) was resuspended in Ringer solution. It has been determined (72) that synaptosomes prepared in this way demonstrate specific Na ϩ -dependent accumulation and partially, Ca 2ϩ -dependent release of D-Asp. The synaptosomal fraction (200 l, corresponding to 50 mg wet tissue) was transferred to the perfusion chamber of the Brandel Suprafusion system. The suspension was preincubated for 1 h with D-Asp (0.3 Ci/sample). Next, the perfusion of the synaptosomal suspension was initiated (1 ml/min) without fraction collection for the first 45 min, followed by the collection of the samples every 2 min. The synaptosomes were stimulated electrically (10 mA, 10 Hz, 20 s) at sample #10. The collection of the samples continued before, during, and after electrical stimulation. The magnitude of the release was evaluated as described above for the segments of the spinal cord.
Statistical Analysis
All data are expressed as mean Ϯ SE. Student's t-test or one-way ANOVA, followed by Sidak's method of multiple pairwise comparisons for post hoc comparisons, was used to compare differences across groups. One-way repeated measures ANOVA was used to test differences in muscle responses following the combined treatment. One sample t-test was used to test single groups, such as D-Asp release after DC(Ϫ) or DC(ϩ) stimulation. The level of significance was accepted as P Ͻ 0.05.
RESULTS
tsDC(Ϫ) Stimulation Enhances Bilateral, Cortically Elicited Muscle Responses
tsDC(Ϫ) stimulation was previously shown to potentiate cortically elicited muscle responses (3). The current experiments are designed to investigate the mechanism of this potentiation, and the results are depicted in Figs. 5-8. The There are no error bars, since this value is fixed. C: an increase in the area under the curves representing the muscle contraction during application of tsDC. Note that opposite to the amplitude data, the area continues to increase at a higher baseline force. strength of CS is adjusted to obtain baseline force of contraction equal to 0.05, 0.7, 1.5, 2.0, 3.5, 6.5, and 10 g in separate trials. Figure 5 illustrates contractions of the contralateral muscle before and during tsDC(Ϫ) stimulation. It is apparent that tsDC(Ϫ) application significantly increases cortically elicited muscle contraction at all baseline levels (F ϭ 62.5; P Ͻ 0.001, one-way ANOVA; Fig. 5, A and B) . There is no significant difference among amplitudes obtained during tsDC(Ϫ) at baseline (3.5, 6.5, and 10 g; P ϭ 0.7, Holm-Sidak method).
In contrast to the changes in the amplitude values, the area of force traces continues to increase in parallel to the rising baseline force (H ϭ 69.1; P Ͻ 0.001, Kruskal-Wallis one-way ANOVA; Fig. 5C ). However, there is no statistically significant difference between values obtained at baseline (6.5 and 10.0 g; P ϭ 0.2), although the difference between baseline of 3.5 g and 10.0 g is significant (P ϭ 0.02).
As shown in Fig. 6 , A and B, the slope of muscle contraction continues to increase as the baseline force is increased up to 3.5 g. Beyond baseline (3.5 g), the slope values are plateaued. Whereas all slope values recorded during CS ϩ tsDC(Ϫ) are significantly higher, compared with CS-only (H ϭ 87.6; P Ͻ 0.001, Kruskal-Wallis one-way ANOVA), there is no significant difference between slopes of muscle contractions evoked during tsDC(Ϫ) at baselines 3.5 g, 6.5 g, and 10.0 g (P Ͼ 0.05, Dunn method). This trend is also observed during analyzing the results representing the amplitude data (Fig. 5) . In addition, time-to-peak force is normalized to maximum twitch force, as shown in Fig. 6C . The normalized time-to-peak is significantly shortened during tsDC(Ϫ) (H ϭ 73.2; P Ͻ 0.001, KruskalWallis one-way ANOVA). Overall, these results suggest that at higher baseline forces, tsDC(Ϫ) application causes repeated firing of the same motor units, which subsequently results in the increase in the area under the curve, representing the muscle contraction.
The cortically elicited contractions of the ipsilateral muscle have also been analyzed. It appeared that they are observable only at the strength of stimulation, which evoked the strongest contraction of the contralateral muscle (10 g). However, during application of tsDC, these ipsilateral responses are observed at the strength of stimulation, which evokes the contraction of the contralateral muscle with the force as low as 1.5 g (Fig. 7) .
Although these data convincingly demonstrate that tsDC(Ϫ) reduces the stimulus threshold for eliciting the cortically evoked responses, they do not provide further information about the mechanisms mediating that effect.
rCS Applied Simultaneously With tsDC(Ϫ) Induced LTP of Cortically Elicited Muscle Contraction
We tested whether rCS, applied during tsDC(Ϫ), can induce long-term augmentation of cortically elicited muscle contraction. Twenty trains of rCS, applied at 1 Hz during tsDC(Ϫ), potentiated cortically elicited contraction of the contralateral muscle. The increase in muscle contraction appeared immediately after stimulation and persisted at this higher, statistically Note that the slope of the rising phase of muscle contraction was similar between traces evoked during tsDC but less steep at the baseline (right panel). B: an increase in the slope during application of tsDC, recorded at all baseline, cortically elicited force points. Note that the change in slope plateaued at 3.5 baseline force, which parallels the data in Fig. 5 , depicting the change in the amplitude. C: normalized time-to-peak twitch force was shortened significantly during tsDC at all measured points (P Ͻ 0.05). Time-to-peak twitch force or to peak force of the 1st twitch in traces with multiple peaks was normalized to maximum twitch force. Note that normalized time-to-peak was similar in force traces evoked during tsDC at baselines (3.5, 6.5, and 10.0 g). significant level ( 2 ϭ 14.9; P ϭ 0.005, Friedman repeated measures ANOVA) for 90 min (Fig. 8) ; a longer time was not followed. Post hoc testing (Tukey test) revealed a significant increase at all poststimulation time points (P Ͻ 0.05), and the overall increase is over 400% of the baseline (416 Ϯ 6%). The contractions of the ipsilateral muscle increase significantly as well (F ϭ 25.7; P Ͻ 0.001, repeated measures ANOVA), and the post hoc testing (Tukey test) revealed significant difference at all poststimulation time points (P Ͻ 0.02) compared with baseline (Fig. 8) .
tsDC(Ϫ) Stimulation Potentiates Bilateral, Cortically Elicited Muscle Responses in Animals With Contused SCI
The ultimate and most desirable outcome of tsDC(Ϫ) application would be the attenuation of functional impairment resulting from SCI. Therefore, we tested the ability of tsDC(Ϫ) to augment the cortically elicited muscle responses in animals with severe contusive thoracic SCI. These animals showed very low BMS scores (2.2 Ϯ 0.6), indicating only slight movements of the hindlimbs. The CS was performed unilaterally (right M1), and motor responses were recorded bilaterally. Initial, weak bilateral responses (Fig. 9B) are amplified dramatically during tsDC(Ϫ) stimulation (Fig. 9B) . The differences among the mean values of the responses on the side contralateral to the stimulated M1, recorded at the baseline, during tsDC(Ϫ), and after rCS ϩ tsDC(Ϫ), are statistically significant ( Fig. 9C ; F ϭ 35.5; P Ͻ 0.001, repeated measures ANOVA). Subsequently, the force of the muscle contraction recorded during tsDC(Ϫ) (1.1 Ϯ 0.1 g) and after rCS ϩ tsDC(Ϫ) (0.89 Ϯ 0.12 g) is significantly greater than the force observed at the baseline (0.18 Ϯ 0.04 g; P Ͻ 0.001, HolmSidak method). Similarly, the side ipsilateral to the stimulated M1 shows significant augmentation in cortically elicited muscle contractions during tsDC(Ϫ) and after rCS ϩ tsDC(Ϫ) (F ϭ 123.9; P Ͻ 0.001, repeated measures ANOVA). The force of muscle contraction recorded during tsDC(Ϫ) (0.69 Ϯ 0.02 g) and after rCS ϩ tsDC(Ϫ) (0.82 Ϯ 0.03) is significantly greater than the muscle contraction detected at the baseline (0.25 Ϯ .03 g; P Ͻ 0.001, Holm-Sidak method, post hoc correction of repeated measures ANOVA; Fig. 9C , and see Table 1 for percent change). This response amplification extends at least 90 min (a longer time was not tested) beyond the cessation of the combined rCS and tsDC(Ϫ) stimuli. These results indicate that in contused animals, tsDC(Ϫ) combined with rCS is able to potentiate corticospinal pathway signaling via the sensitization of spared functional connections and/or by using the connections formed by axonal outgrowth (11, 12) .
tsDC(Ϫ) Stimulation Enables Cortically Elicited Muscle Responses Ipsilateral to the Hemisection Injury of the Spinal Cord
Hemisection lesion at the thoracic spinal cord typically causes loss of movements of hindlimb ipsilateral to the injury (33, 49) . The animals with hemisection lesions used in our studies dragged their hindlimbs ipsilateral to the injury for the first few days after the injury. The ability for weight support and stepping was recovered during the following weeks. All animals used for the electrophysiological experiments showed Fig 5A) . The traces in the middle and bottom panels represent the force of the ipsilateral muscle contraction before and after tsDC application, respectively. Note that before the application of tsDC (middle panel), ipsilateral muscle contraction was observed only when the force of contraction of the contralateral muscle was at its maximum (ϳ10 g). However, during tsDC application, the contraction of the ipsilateral muscle could be elicited by very weak stimulation, which triggered the contraction of the contralateral muscle with the force of 1.5 g only. Moreover, the potentiation of the ipsilateral muscle contraction occurred even when the contraction of the contralateral muscle reached its maximum at 10 g. The scale refers to middle and bottom panels. B: tsDC-induced increase in the force of the ipsilateral muscle contraction. Note the decrease in the intensity of stimulation (expressed as the force of the contralateral muscle contraction) necessary to evoke ipsilateral muscle contraction before and after tsDC application. The maximal potentiation of the muscle contraction was 418.3 Ϯ 40.3% of the baseline. a similar pattern of recovery 3 wk after the injury. To further shed light on the nature of the tsDC(Ϫ)-activated pathways, tsDC(Ϫ) was applied to the hemisectioned spinal cord (Fig. 10) , and the bilateral muscle responses to stimulation of either the contralesional (Fig. 10, A and B) or ipsilesional (Fig.  10 , D and E) motor cortex were recorded. The responses on the transected side (contralateral to stimulated cortex) are significantly weaker (P Ͻ 0.05; Fig. 10A ). There was a significant (P Ͻ 0.05) bilateral increase in the response during the application of tsDC(Ϫ) (Fig. 10A) , and this increase becomes persistent after subsequent, combined application of rCS and tsDC(Ϫ) (Fig. 10A) . As depicted in Fig. 10C , the muscle responses recorded from the intact side show significant overall difference (F ϭ 12.9; P Ͻ 0.001, repeated measures ANOVA). Specifically, the responses recorded from the intact muscle during tsDC(Ϫ) (12.4 Ϯ 0.9 g) and after rCS ϩ tsDC(Ϫ) (12.5 Ϯ 0.8 g) are significantly higher than baseline (6.4 Ϯ 0.7 g; P Ͻ 0.02, Holm-Sidak method, post hoc correction of repeated measures ANOVA). Similarly, responses recorded from the transected side show a significant overall difference (F ϭ 68.9; P Ͻ 0.001, repeated measures ANOVA). The responses recorded from the muscles at the transected side during tsDC(Ϫ) (1.4 Ϯ 0.15 g) and after rCS ϩ tsDC(Ϫ) (1.8 Ϯ .05 g) are significantly higher compared with the baseline (0.4 Ϯ 0.1 g; P Ͻ 0.02, Holm-Sidak method, post hoc correction of repeated measures ANOVA).
Stimulation of the ipsilesional cortex elicits relatively stronger responses from the contralateral (intact) muscle, whereas weak, individual twitches are recorded from the ipsilateral (transected) side (Fig. 10D) . During tsDC(Ϫ) application, the same pretest cortical pulse elicits an identifiable muscle response on the transected side, which is significantly higher than the baseline muscle response (P Ͻ 0.05; Fig. 10C ). Following rCS ϩ tsDC(Ϫ) application, cortically elicited muscle responses recorded from the transected side become potentiated and are significantly greater than the baseline responses (P Ͻ 0.05; Fig. 10D ). Figure 10F depicts the average changes in muscle response recorded at the intact and transected side of the spinal cord following stimulation of the ipsilesional cortex. The intact side responses show an overall significant difference (F ϭ 7.1; P Ͻ 0.009, repeated measures ANOVA). The muscle responses observed at the intact side during tsDC(Ϫ) (7.9 Ϯ 1.2 g) and after rCS ϩ tsDC(Ϫ) (8.1 Ϯ 1.6 g) are significantly greater compared with the baseline responses (2.1 Ϯ 0.5 g; P Ͻ 0.02, Holm-Sidak method, post hoc correction of repeated measures ANOVA). Similarly, the responses from the transected side show overall significant difference (F ϭ 46.3; P Ͻ 0.001, repeated measures ANOVA). The muscle responses recorded at the transected side during tsDC(Ϫ) (1.3 Ϯ 0.1 g) and after rCS ϩ tsDC(Ϫ) (1.1 Ϯ 0.1 g) are significantly higher than the baseline responses (0.1 Ϯ 0.04 g; P Ͻ 0.02, Holm-Sidak method, post hoc correction of repeated measures ANOVA).
These results, obtained from animals with a hemisectioned spinal cord, show that the stimulation of the contralesional cortex evokes stronger bilateral responses than does stimula- Note that we chose a baseline muscle contraction of the contralateral muscle of 3.5 g, which produced no contraction at the ipsilateral muscle. After the combined stimulation, the same test stimulation of the motor cortex elicited markedly stronger force of muscle contractions on both sides. B: the combined stimulation (rCS ϩ tsDC) induced a significant, long-lasting increase of the cortically elicited contraction of the contralateral muscle ( 2 ϭ 14.9; P ϭ 0.005, Friedman repeated measures ANOVA). Post hoc testing revealed significant difference at all poststimulation time points (*P Ͻ 0.05, contralateral). Cortically elicited contractions of the ipsilateral muscle were also amplified significantly (F ϭ 25.7; P Ͻ 0.001, repeated measures ANOVA). Post hoc testing revealed a significant difference at all poststimulation time points (*P Ͻ 0.02, ipsilateral) compared with the baseline.
Spinal DC Modulates Cortical Output and Glutamate Release • Ahmed Z et al. tion of the ipsilesional cortex. However, the tsDC(Ϫ)-induced amplification of the muscle response is much higher during stimulation of the ipsilesional cortex (see Table 1 ). The injury was completely restricted to one side. Therefore, it seems likely that the responses recorded from the transected side were elicited by signals originating from the intact side. As the electrophysiological evaluation of the animals was conducted 3 wk after the injury, the contribution of regenerating axons to the observed effects cannot be excluded (62) . It should also be emphasized that the muscle responses recorded on the intact side of the spinal cord during the stimulation of either side of the cortex were significantly weaker than those of uninjured animals (P Ͻ 0.05; Figs. 5 and 10). This indicates that spinal hemitransection eliminates the influence of the cortex, brain stem, or spinal cord on bilaterally regulated muscle functions.
The Locus of tsDC(Ϫ) Effects
The application of DC(Ϫ) to the dorsal spinal cord can affect supraspinal as well as peripheral connections. To test whether a peripheral component may be contributing to the observed tsDC(Ϫ) effects, we stimulated the sciatic nerve and recorded muscle contractions, nerve compound action potentials (nCAPs), and M-and H-waves. Tests performed with stronger (near-maximal muscle contraction) and weaker (50% of maximal muscle contraction) stimulations demonstrated that neither nerve-elicited muscle contractions (Fig. 11A) nor nCAP (Fig. 11B) is altered during or after tsDC(Ϫ) application (P Ͼ 0.05). Likewise, tsDC(Ϫ) application does not affect M-waves (Fig. 11C) . The only change observed in this experimental arrangement is a significant enhancement (from 263.5 Ϯ 41.7 to 906.4 Ϯ 79.1 V; P Ͻ 0.05) of synaptically mediated H-waves. These results imply that the site of tsDC(Ϫ) action is on the spinal segments mediating this monosynaptic reflex. However, the involvement of activated, ascending pathways, which would stimulate supraspinal elements and subsequently modulate the H-reflex pathway, cannot be excluded.
In two out of five animals used for the above experiments, we simultaneously tested the short-term effect of tsDC(Ϫ) on cortically elicited and nerve-elicited muscle and nerve responses. Whereas tsDC(Ϫ) potentiated cortically elicited nerve and muscle responses, the nerve-elicited nCAPs and muscle contractions are not altered (data not shown). Therefore, in our experimental setup, tsDC(Ϫ) does not directly affect peripheral nerves or muscles. However, these data do not preclude the possibility of axonally mediated effects of tsDC within or very close to the spinal cord itself.
The Electrophysiological Effects of tsDC Correlate With the Release of a Glutamate Analog
Glutamate is the major excitatory neurotransmitter in the spinal cord, and it seems reasonable to assume that the tsDCinduced modulation of neuronal excitability and muscle contraction may reflect changes in concentrations of extracellular glutamate. Therefore, we investigated the ability of tsDC(Ϫ) and tsDC(ϩ) to affect the release of the glutamate analog, D-Asp, from spinal cord preparations.
The stimulation of the spinal cord segments with alternate current (rSS), applied alone, induces a significant increase in D-Asp release (Figs. 4B and 12, A and B, and Table 2 ). tsDC(Ϫ) or tsDC(ϩ) stimulation also induces D-Asp release. The effects of the two tsDC stimuli [tsDC(Ϫ) or tsDC(ϩ)] are equal to each other and are much smaller than the effect of rSS stimulation (Fig. 13, A and B) .
In a separate set of experiments, rSS was applied together or immediately following stimulation with either tsDC(Ϫ) or tsDC(ϩ). Our methodology did not allow for precise separation of the effects of these two types of stimulations applied in rapid succession. The time for the molecule released from the preparation in the perfusion chamber to reach collection vial is ϳ3 min. This relatively long period limits the temporal resolution in the analysis of the collected perfusate. Namely, if two types of stimuli are applied subsequently to each other, the effects of one may overlap with the other. Therefore, the effects of the tsDC(Ϫ) or tsDC(ϩ) stimuli applied alone were averaged, and this average was subtracted from the effects observed following tsDC, applied in combination or immediately following rSS ( Table 2) .
The ability of the rSS to elicit D-Asp release is significantly attenuated or enhanced when it is preceded by prior stimulation with tsDC(Ϫ) or tsDC(ϩ), respectively ( Table 2 ). These dif- Fig. 11 . The effect of tsDC(Ϫ) stimulation on spinal monosynaptic reflex, nerve compound action potential (nCAP), and muscle force following nerve stimulation. A: tsDC(Ϫ) had no effect on the muscle twitches elicited by either stronger (top panel) or weaker (bottom panel) stimulation. B: tsDC(Ϫ) had no effect on the nCAP. C: the influence of tsDC(Ϫ) stimulation on H-reflex; opposite to M-wave, H-wave has been enhanced significantly during tsDC(Ϫ) exposure [black and gray lines illustrate both waves, before and during tsDC(Ϫ) exposure, respectively]. D: averaged amplitudes of M-and H-waves before and during tsDC(Ϫ) stimulation. *P Ͻ 0.05.
Spinal DC Modulates Cortical Output and Glutamate Release • Ahmed Z et al. ferences are even more pronounced when the averaged results of tsDC(Ϫ/ϩ) stimulation alone are subtracted from the results observed following combined rCS/tsDC stimulations ( Table  2) . Whereas the simultaneous application of rSS and tsDC(Ϫ) significantly enhances the release of D-Asp, the combined effect of rSS and tsDC(ϩ) reduces the release of the glutamate analog (Fig. 13, A and B, and Table 2) .
These results document qualitative similarities between the characteristics of cortically elicited muscle contractions and D-Asp release. As the effects of rSS and tsDC stimulations upon D-Asp release are additive, one can assume that the sources of release affected by these two different types of stimulation are located in different cellular compartments. Therefore, we conclude that changes in glutamate release are at least partially responsible for the effects of tsDC stimulation exerted on the activity of spinal cord neurons.
Calcium and the Effects of the tsDC(Ϫ) or tsDC(ϩ)
Calcium dependency is one of the basic criteria for the classification of a molecule as a neurotransmitter (20) . To evaluate this dependency, one must perform experiments in a Ca 2ϩ -free environment. As our experiments were conducted on spinal cord segments, we wondered whether calcium could be removed completely from these preparations. We found that although a 6-h perfusion of spinal cord segments with Ca 2ϩ -free Ringer solution reduces the calcium concentration more than threefold (from 325 to 91 dpm/mg fresh tissue), Ca 2ϩ was not washed out completely. Whereas neither tsDC(Ϫ) nor tsDC(ϩ) stimulation-induced D-Asp release is affected by reductions in calcium concentration (Ca 2ϩ -free Ringer), D-Asp release, induced by tsDC(Ϫ) combined with rSS stimulation, is attenuated by almost 20% (from 44.5 Ϯ 2.9 to 27.7 Ϯ 1.7%; n ϭ 6; P Ͻ 0.004). Thus whereas the amount of D-Asp released during combined tsDC/rSS stimulation is partially calcium dependent, tsDC [tsDC(Ϫ) or tsDC(ϩ)] applied alone induces D-Asp release via a mechanism that either does not require calcium or that can operate at significantly reduced calcium concentrations. There is also the possibility that these two types of stimuli induce the release of D-Asp from separate subcellular compartments that have different calcium requirements for release.
DC-Evoked Synaptosomal Release of D-Asp
D-Asp may be released from spinal cord segments, either from nerve terminals (synaptic release) or from axons (72) . To distinguish between these possibilities, we evaluated the DAsp release from spinal cord synaptosomes and determined that DC application evokes a statistically significant release of D-Asp (21.6 Ϯ 1.8; n ϭ 4; P Ͻ 0.03, one sample t-test; Fig. 14) . Since there was no difference between DC-evoked release from spinal cord segments (P ϭ 0.08, one-way ANOVA) and that from synaptosomes, we concluded that the DC-induced D-Asp release originates from the nerve terminals. Moreover, there is no difference in the release of D-Asp from synaptosomes incubated in reduced or normal Ca ϩ2 concentrations (18.9 Ϯ 4.9; n ϭ 8; P ϭ 0.7). animals as well as in animals with different spinal cord lesions. In control animals, the tsDC-induced enhancement of muscle contraction, evoked by the unilateral activation of the motor cortex, was very much dependent on the baseline activation. The stimulation of the cortex during tsDC application drove the muscle to its maximal force of contraction, even at the intensity corresponding to the baseline force as low as 3.5 g. Since the amplitude of muscle force has important behavioral implications (51, 71) , this change in the input-output relationship would have a great effect on motor control. However, it should be emphasized that the shape of the input-output curve is complicated at higher forces by multiple firing of motorneurons, which produce enhanced muscle force in addition to the enhanced recruitment. The muscle contraction slope and timeto-peak followed the changes in the amplitude and reached their respective maxima at a baseline force of 3.5 g. However, the areas of force traces continued to increase, as well as the number of peaks with elevated stimulus intensity. Overall, these data indicate that at higher intensity of stimulation, tsDC application would increase the area representing the muscle contraction by triggering repetitive firing of the same motor units.
Animals with contusive SCI demonstrated much better responses on the side contralateral to the stimulated M1 than at the ipsilateral side. CS of animals with a hemisected spinal cord evoked bilateral responses, which were stronger on the intact side, regardless of whether stimulation was applied at the lesioned or at the opposite side. The commissural fibers (38, 61), remaining intact below the level of unilateral lesion, can contribute to the effects observed on the contralateral side. However, the tsDC-induced enhancement of muscle contraction was consistently much greater on the transected side. The effects of tsDC stimulation were amplified significantly by the concomitant application of repetitive CS. This combined effect was reproducible and persistent and extended beyond the period of stimulation. This implies either long-lasting modification in synaptic strength or persistent enhancement of the spinal cord background tonic activity.
The current work demonstrates that tsDC stimulation exerted a very limited and specific effect on peripheral connections. There was no change in nCAP, nerve-induced muscle contractions, or M-wave during tsDC application. However, H-wave, which is mediated by a monosynaptic pathway in the spinal cord, was enhanced significantly by tsDC application. Although these results imply that the site of tsDC action is focused on the spinal segments mediating this monosynaptic reflex, the influence of neuronal projections from other regions is also possible. Namely, the inputs from sensory fibers, which diverge on motoneurons (48), could be recruited and/or synchronized to give a stronger H-reflex response. Sensory afferents could also potentiate supraspinal regions and subsequently, modulate H-reflex. In the current study, the amplification of the H-reflex pathway was still seen after tsDC was turned off. This implies that either synaptic strength was permanently changed, or the spinal background activity was kept at a higher tonic level.
Changes in neuronal activity, recorded with electrophysiological methods, are likely inter-related with the modulation of synaptic transmission. Since glutamate is one of the major neurotransmitters in the spinal cord, it was reasonable to focus on changes in glutamergic neurotransmission, likely to occur during electrical stimulation applied to animals. These types of experiments would be very challenging to be performed in vivo, and we selected an in vitro preparation of the spinal cord as an appropriate model to study the effects of weak DC stimulation. A similar preparation has been successfully used previously to characterize electrophysiologically properties of the spinal cord in vitro (50) . We are fully aware that the properties of the spinal cord in vitro differ from the in vivo preparation. However, since the aim of these experiments is to The greatest release, exceeding 40% of the baseline, was observed during simultaneous application of rSS and tsDC(Ϫ) stimulation. Other types of the stimulation exerted a much smaller effect, ranging between 25% and 35%. *Significant from control; **significant from rSS after tsDC(Ϫ). evaluate the effects of DC application on a group of neurons, simultaneously activated by another stimulus, we consider these results as an important complement to the data collected from the in vivo preparation. Additionally, the CAPs recorded from spinal cord tissue confirmed viability of this in vitro preparation, validating the comparison of these results with neuronal activity recorded in vivo.
The results clearly show that a group of neurons activated by rCS and simultaneously exposed to DC would release a different amount of glutamate, which would additionally depend on the polarity of DC stimulation. The concentration of extracellular glutamate, which is a result of the equilibrium between release and uptake processes (24) , is critical for glutamateevoked excitation. Therefore, we evaluated the efflux of radiolabeled D-Asp, a glutamate analog, from perfused spinal cord segments in vitro as an indicator of changes in extracellular glutamate concentration, which we have termed "release". The exocytotic release of synaptic neurotransmitters is calcium dependent. However, the increase that we observed in tsDCinduced D-Asp release occurred in a calcium-reduced environment and may not be related to synaptic transmission. One of the likely mechanisms could involve the action of spinal cord astrocytes. They have larger intracellular stores of calcium than neurons (9, 20, 30) and therefore, may release glutamate in a calcium-dependent manner for a prolonged period, even in the absence of extracellular calcium. The synaptic cytoskeleton may also be considered as one of the targets for DC stimulation. Exposing cells to electrical fields is known to destabilize the structure of the cytoskeleton (15, 65) , which then can free the reserve pool of synaptic vesicles and increase the probability of their release. The diffusion of glutamate across cellular membranes (13) , reversal of glutamate transporter in GABAergic neurons (40) , or diffusion via gap junctions (19) includes a few examples of other mechanisms, which could be relevant to explain our data.
It should be emphasized, however, that the increase in D-Asp release induced by the combined application of tsDC and rSS was highly calcium dependent and therefore, was most likely related to synaptic activation. Thus our findings indicate that glutamate released by tsDC stimulation applied alone may originate from different sources other than glutamate released upon combined tsDC and rSS stimulation.
As reported previously (26), positive and negative currents applied to the dorsal spinal cord diminished and augmented excitatory postsynaptic potential (EPSP) recorded from motoneurons, respectively. Similar effects on neuronal activity were also observed during stimulation of hippocampal slices with DC (8) . In support of these findings, we have observed tsDC-induced increases in both the force of the muscle contraction and in D-Asp release. Therefore, the influence of tsDC on synaptic processes represents the most likely mechanism by which tsDC influences alterations in cortically elicited muscle and nerve responses. An increase in EPSPs in motoneurons would increase their firing rate, as well as the likelihood of them being recruited to participate in a motor action. It should be emphasized that cathodal stimulation not only facilitated corticospinal output, but its application was also essential to make the effect persistent. As motoneurons receive a great number of synaptic inputs from numerous sources, both local and distant, an elucidation of the effects of tsDC on these various sources is of the utmost importance. The indirect effects of tsDC on motoneuron activity may be mediated by influencing spinal interneurons and corticospinal fibers that pass underneath the tsDC electrode. Indeed, by stimulating the white matter of the dorsal column rostral to the tsDC(Ϫ) electrode and recording from the same fibers caudal to the electrode, we found, in agreement with data reported for human nerves (5), a significant increase in the amplitude and frequency of the CAP (unpublished observation).
Following brain, spinal, or peripheral nerve damage, the spared neuronal tissues undergo reorganization and changes in excitability. The typical consequences of these injuries are a learned non-use and subsequent maladaptive changes. These occur because the functional recovery after nervous system injury is slow (60) and allows the nervous system to reorganize. Whereas this reorganization favors existing, noninjured pathways, it neglects to engage slowly recovering, injured connections, even if they became physiologically functional. This, in turn, perpetuates the cycle of learned non-use, which is detrimental to the functional recovery of pathways and regions weakened by the injury. These well-documented processes lead to maladaptive changes following brain and SCI (10, 22, 23, 25, 32, 57, 59, 66, 67) and hamper the efficiency of recovery. In addition to cortical reorganization, cortical motor neuron excitability and drive are impaired following SCI (35) . Spinal reflexes, such as stretch reflex (H-reflex is its electrical analog), are components of complex skills, such as locomotion (45, 74, 76) . In addition, interneurons in the reflex pathways of the spinal cord are involved in transmitting voluntary commands from the brain (70) . Furthermore, spinal stretch reflex is itself a simple skill that can be modified by practice (64) , and its augmentation is associated with functional recovery after nerve injury (14) . Therefore, the finding that tsDC(Ϫ) potentiates the monosynaptic spinal reflex pathway (H-reflex) is very important, as it represents a noninvasive tool that can promote motor learning and hence, functional recovery from spinal or brain injury.
The ability of the combined tsDC and rCS treatment to trigger long-lasting potentiation of cortically elicited muscle contractions on the side ipsilateral to the transected spinal cord suggests a possible reversal of maladaptive changes in connectivity. This may be achieved via the strengthening of supraspinal pathways that make bilateral connections (40) , as well as the injury-induced bilateral sprouting of spared axons (11) . It is evident in the current study that in animals with a contused spinal cord, unilateral cortical motor stimulation causes bilateral augmentation of muscle contraction. This indicates the involvement of a supraspinal pathway with a bilateral destination (39, 40) . In patients with unilateral lesions following stroke or peripheral nerve injury or even patients with imbalanced SCI (one limb is more functional than the other), it is important that the unaffected side is able to function properly to activate and even behaviorally control both limbs. A proposed treatment procedure might be used to enhance this bilateral functionality of brain and spinal cord regions that normally function unilaterally. In summary, we described the procedure, which potentiates the existing-and enhances the function of-impaired motor pathways.
